With respect to the future design and application of CFRP tubes with this type of stacking sequence, column curves for each stacking sequences and all test data are fitted based on Perry-Robertson formula. With respect to the high stress level in the relatively short CFRP tube that facilitates the development of defects, test data present high levels of discreetness. We propose a strategy for engineering safe design in which a reduction factor is added to the original reduction factor based on statistical analysis when the universal slenderness ratio is less than 2.
Introduction
Fibre reinforced plastic (FRP) materials are attractive for engineering structures due to their excellent properties, related to high strength, light weight, and anti-corrosion behaviour [1, 2] . With the development of production technology, FRP materials exhibit promise in future engineering applications. Unidirectional pultruded FRP profiles (mainly GFRP profiles) are widely used in civil engineering structures such as truss bridges [3] [4] [5] [6] , space struc-tures [7] [8] [9] , off-shore and marine structures. With respect to delicate lightweight structures, such as aviation structures [10] [11] [12] , telescope [13] , and satellites [14] , CFRP profiles are often used as component in those truss type structures. Although the working conditions of CFRP components in those truss structures only include axial loading, typical design methodologies require off-axis piles to assist in off-axis loading and damage tolerance [11] . In fact CFRP laminated tubes with off-axis ply orientations also show better mechanical properties in strength [15] , dynamic performance [16] , and imperfection resistance [17, 18] . Given that the laminated CFRP tubes mainly bears axial compression, we put forward a typical stacking sequence [0 ∘ 4 /±θ] which exhibits four unidirectional plies to achieve high bending rigidity and two off-axis plies to provide lateral support for unidirectional plies. Our previous studies [15] mainly focused on the behaviour of short CFRP laminated tubes under axial compression (which was dominated by strength failure). The study demonstrates that off-axis pile angle θ significantly influences the average strength of the laminated CFRP tube. Specimens with ±60
∘ surface plies appear to provide the best axial compression behaviour which is 21.6% higher than that of tubes with all unidirectional piles. For laminated CFRP tubes in practical truss structures, longer components will be more used which will be dominated by overall buckling failure. Hence, for future practical application of this CFRP laminated tube, it is necessary to study their overall buckling behaviour. Recent studies on FRP compression profiles mainly focus on the profiles of pultruded glass-fibre reinforced plastics (GFRP) with different cross sections shapes such as channel sections [19] , 'Universal' and 'Box' [20] , 'I-shaped' [21] , and circular cross sections [22, 23] . These studies indicate that the Euler formula is accurate for components with high slenderness ratio λ. With respect to components with small λ, the Euler buckling load significantly exceeds the test results, and thus, the Euler formula is unsafe for design. Zureick [24] found that when the ratio of longitudinal elastic modulus E L to transverse shear modulus G LT is high (i.e., more than 6), it is necessary to consider the effects of transverse shear. Because of the high E L /G LT ratio that FRP material generally display, Zureick proposed that a reduction factor of 0.85 should be added to the original Euler formula. With respect to obtaining the practical column curves for design, the Perry-Robertson formula [25] was often adopted to fit the experiment data. The obtained column curve accurately predicts the overall buckling critical load of pultruded GFRP long tubes. However, there are currently a very limited number of studies [11, 26] on the overall buckling behaviour of long CFRP tubes with offaxis ply orientation, not to mention their practical column curves for design.
The present study focuses on the overall buckling behaviour and design of long CFRP laminated tubes with various off-axis ply orientations. 60 long tubes are prepared and designed with a stacking sequence [0 
Specimens and test setup 2.1 Specimens
All specimens were fabricated from carbon/epoxy preimpregnated tapes made of T700 carbon fibres in YPH-307 epoxy resin, provided by Toray Industries, Inc. The main manufacturing process is shown in Fig. 1 , which includes four main procedures: (1) cutting pre-impregnated tapes; (2) rolling the pre-impregnated tapes on the steel mandrel through a coiling machine; (3) curing the specimens in temperature-box for 2 h at 130 ∘ C; (4) demoulding and obtain the final specimens. The elastic constants of the T700SC/YPH-307 unidirectional laminates are provided by the manufacturer, as presented in Table 1 . All CFRP tubes have the same cross section with a thickness of 0.9 mm and an inner diameter of 18 mm. The CRFP tube length L varies from 250 mm to 800 mm. A schematic of the test specimens is shown in Fig. 2 . Due to the high stiffness values, CFRPs can hardly reduce stress concentration by deformation [27] . In order to avoid stress concentrations near the end closures and end failure, a special method was used to avoid local failures during tests namely constructions with an E-glass fibre/epoxy resin material in filament wounds. The plugs were used as end closures inside the tube end corners. Based on Hashem's conclusion [20] , overall buckling behaviour of FRP columns will occur at slenderness ratio λ ≥ 50. Long tubes of L = 250, 300, 400, 600, and 800 mm were designed with four types of stacking sequences [0
C, and D respectively. Three specimens were designed for each length and each ply orientation, and the total number of long CFRP tube specimens was 60. The specimens are denoted as L-length-lamination-number. The detailed information of the 60 specimens are summarized in Table 2 . For these long tubes, the effective specimen length L 0 corresponds to the distance between the centres of the two hinge supports. Hence, L 0 can be calculated as L + 100 mm, where L is the length of the specimen, 100 mm is twice the distance between the end of the specimen and the pin centre. The influence of metal supports on the bearing capacity can be neglected [28] . Thus, the λ for tubes of six different lengths can be calculated as λ = 52, 60, 75, 105, and 135. In-plane shear = 53 
Test setup
The simply supported boundary condition is desired for the long tube compression test. To simulate this boundary condition, a special fixture consisting of pins, bearings, male lugs, and female jaws (in Fig. 3(a) ) was designed and installed on both ends of the specimens. The ends of the tubes were filled with small steel circular cylinders on a male lug. The fixture connected to the top-end of the specimens was attached to a 50-kN load cell, which was in turn tied to the reaction frame. Meanwhile, the fixture connected to the bottom-end of the specimens was attached to the ground. For male lug can only rotate in the plane determined by female jaw, the corresponding mounted CFRP tubes will rotate in the same plane. To keep the specimens vertical, a plumb line from the upper to the lower female jaw was used for calibration propose. Three electronic displacement meters (KTM-A2-50mm) were used to obtain load-displacement properties. One was installed at the top of the load cell to measure the axial displacement, and the other two were installed at the mid-height of each specimen to record the lateral displacements marked as u and v, representing lateral displacement in the rotating plane and out of the rotating plane respectively (in Fig. 3(a) ). To obtain the axial strain and buckling of the CFRP tubes at each load step, a total of four axial electrical strain gauges (120.2 ± 0.1 Ω) (named S 1~S4 ) were attached to the outer surface of the mid span of each specimen (in Fig. 3(b) ). S 1 and S 3 were in plane and S 2 and S 4 were out of plane. To control eccentric load, the position of CFRP specimens were also adjusted by comparing the measurements of four strain gauges across the mid-section after applying a small load.
Test results
The test specimens were compressed until failure or load limit was reached. Totally four types of failure modes were observed for the 60 specimens during loading. Penetrative split was observed for specimens L-250-A-1, L-250-A-2, L-250-A-3, L-300-A-2, and L-300-A-3. Due to the relatively small slenderness ratio of these tubes, the stress level of these tubes is much higher than that of longer tubes when approaching ultimate compressive load. The result demonstrated that without off-axis piles, matrix failure in transverse tension is easy to happen in these [0 6 ] tubes. Strength failure occurs in these above specimens, so the corresponding result is invalid. L-250-C-1 was crushed abruptly near the end rendering the data invalid. The top hinged support for L-300-D-2 and L-300-D-3 did not rotate during loading, leaving the bearing condition uncertain, and hence, these specimens were also invalid. With totally 8 invalid specimens, the remaining 52 valid specimens were characterized with typical overall buckling failure. The valid data from 52 specimens constitutes a remarkably large volume. Since load-stain relationships of these long tubes are similar, only test curves of L-800-A-1, L-600-B-1, L-400-C-1, and L-250-D-1 are presented in Fig. 4 without loss of generality. These four tubes cover four stacking sequences and four lengths. The strains of four test points S 1 -S 4 were recorded. S 1 and S 3 were in the rotating plane mentioned above and these points were used to determine the critical load with strain change. S 2 and S 4 were out of the rotating plane and were mainly used for checking and adjusting the specimen position during early stages of loading. According to Fig. 4 , during early stages of loading, the load-strain curves of these 52 valid specimens show a good linear elastic characteristic. When the strain of S 1 and S 3 reaching limit point, the bending deformation abruptly increased leading to significant change of strain S 1 and S 3 . The development of strains for S 1 and S 3 was random and highly related to the initial bending direction. After the limit point was reached, additional bending moment became the primary stress type instead of compressive force. This change of strain markedly showed that the tube lost stability. Among all the obtained curves, the variation of strains of S 1 and S 3 was much greater than strains of S 2 and S 4 after overall buckling, indicating that overall buckling occurs in-plane and the steel hinge supports worked well.
The load-lateral displacement curves for these four tubes are presented in Fig. 5 . u and v are the lateral displacement in-plane and out-of-plane, respectively. The load-lateral displacement curves show similar characteristic with the corresponding load-strain curves. Before ultimate load was reached, the lateral displacement slowly increased. After reaching the critical load, lateral displacements significantly increase. The development of overall buckling for tubes with different lengths is also included as photographs in Fig. 5(a)-(d) . The left photograph is an unloaded tube, the photograph on the right is a tube after reaching ultimate load, while that in the middle is a tube undergoing loading. As seen from the curves, the lateral deformation of the specimens is almost in the shape of a half-wave sine curve which is typical characteristic of overall bucking. It can be concluded that all specimens show similar load-displacement behaviours. Firstly, at initial loading, the lateral displacement in-plane increases gradually. The deformation is mainly contributed to axial compression. When reaching ultimate load, a brief cracking sound was heard indicating failure of the laminated tubes. After specimen failure, the axial stiffness and equivalent bending stiffness of the tube greatly decreased. The lateral displacements u and v significantly increased which are contributed by the combined effect of axial load and additional large bending moment and the significantly reduced stiffness. The load-axial displacement curves for the above four tubes are presented in Fig. 6 . Two segments can be di- vided, namely linear growth segment and nonlinear decrease segment. The limit point is also an indicator of overall buckling critical load. In summary, all the loaddisplacement curves of these CFRP tubes show upward section, downward section, and the limit point. Hence, the buckling type of these CFRP tubes is typically limitpoint instability. According to classical Euler formula 11.04.2019, the two most influential factors of the overall buckling load are equivalent bending stiffness EI and tube length L. According to our previous research [29] , the order of equivalent bending stiffness EI for stacking se- 2918N) . Although the equivalent bending stiffness of B is much smaller than that of A, the average ultimate load of tube L-600-B is still 21.3% higher than that of L-800-A. The equivalent bending stiffness of C and D is similar, and the average ultimate load of tube L-250-D is 79.9% higher than that of L-400-C. All these demonstrate that tube length is the most influential factor of ultimate buckling load. The ultimate loads for all the 52 valid specimens (listed in the appendix) also reflect this conclusion. Other influential factors of test ultimate loads include manufacturing defects (ply angles can hardly be precisely controlled due to handmade technic), imperfection sensitivity of different stacking sequences, inherent discreteness characteristic of FRP material, different initial out-ofstraightness, and test measure error etc. Hence, the test results show some variation. In order to accurately predict overall buckling load of CFRP laminated tubes, it is necessary to take all these influential factors into account from a statistical perspective, namely to obtain the column curves of laminated CFRP tubes.
Column curves
Slenderness ratio λ is an important factor for indicating the overall bucking critical load of struts, which can be calculated as ratio of the calculated length and radius of gyration. Given that the material properties of FRP components (such as strength and elastic modulus) are greatly influenced by stacking sequence, universal slenderness ratioλ is selected for generalisation propose that is calculated by equation (1) 
The Perry-Robertson formula [25] (P-R formula) is a mathematical formula to produce a good approximation of flexural buckling load. This formula is regarded as the basis of many design codes for steel struts and is often used as an accurate approach to fit column curve of FRP struts [23, 30, 31] . The corresponding reduction factor φ can be written as:
where ϵ 0 denotes relative initial bending defined as ε 0 = (Av 0 )/W (W denotes section modulus). When the formula is used to fit column curves, actually the relative initial bending ϵ 0 not only relates to initial bending but also includes other initial imperfections such as material defects and loading eccentricity [32] . According to GB50018-2002 [33] , the relative initial bending can be assumed to take the following form:
The fitted curve and formula of the initial relative bending for three types stacking sequences are shown in Fig. 7-9(a) , in which the least square method was adopted. The initial relative bending ϵ 0 is deduced through equation (3) based on experimental reduction factor. Given that five tests for stacking sequence A ([0 6 ]) are invalid, the fitting wasn't conducted for stacking sequence A. The fitted formulas of the three stacking sequences were brought into equation (3) and the P-R formula stability factor fitting curves are plotted in Fig. 7-9(b) . It can be concluded that when is high, the P-R formula curve is close to the Euler curve; when is small, the gap between the two curves is large and the P-R formula curve is clearly more accurate and safer. trix transverse tension failure can be prevented to some extent, and meanwhile their equivalent bending stiffnesses do not reduce too much. Although test data quantity for CFRP tubes of each stacking sequence is not large enough and the fitted result may be affected by a few special points to a certain degree, these fitted curves also demonstrate that the CFRP tubes with oblique off-axis ply orientation (mainly [0
have better overall bucking performance. The data of the four stacking sequences (totally 52 effective test points) was also fitted, and the P-R formula fitting curve was plotted as red solid line in Fig. 10 . The all-data fitted curve is close to the lower bound of the three column curves for stacking sequences B, C and D. For practical engineering applications, it is safe to adopt this curve as the column curve for stability design. In the Chinese Technical code of cold-formed thinwall steel structures (GB50018-2002) [33] , ϵ 0 was obtained using equation (5) .
In the European Convention of Constructional Steelwork (ECCS) [34] , ϵ 0 was obtained by using equation (6) .
The corresponding two column curves are also plotted in Fig. 10 as light grey curves. It is shown in the figure that the column curves of steel technical code are below the curves of stacking sequence C and D but higher than stacking sequence B and the all data fitted curves. The difference is obviously bigger when universal slenderness ratioλ is small. It can be explained that whenλ is small, the component bears a higher stress level, which will more likely lead to expansion of defects that is greatly affected by stacking sequences. Additionally, the transverse shear effect is significant when universal slenderness ratio is small, which greatly affects the ultimate load of CFRP laminated tube. The large difference of those column curves indicates that direct adoption of steel technical codes for CFRP tubes with off-axis ply orientation is inappropriate. However, it can be concluded that when universal slenderness ratio is relatively large, all the column curves including those of ECCS, GB50018-2002, and even Euler formula are close to each other. Thus, in preliminary design of CFRP laminated tube with large slenderness ratio, all these column curves can be adopted. In Fig. 11 , the difference of the P-R formula fitting curve results and test results for 52 points was shown, where the horizontal axis isλ and the longitudinal axis is the difference. Obviously, when universal slenderness ratioλ > 2, the difference of critical buckling loads is quite small (all within 5%-5%); when universal slenderness ratioλ < 2, the range of the difference is wide (the largest difference can reach 20%). This can be attributed to the unavoidable inherent discreteness of the FRP material (as can be seen form the distribution of test points in Fig. 12 ). Thus, with respect to unpredictability of the discreteness, it is necessary to propose a strategy of column curve for safe design. Whenλ < 2, a factor Φ should be added to ensure safe design. It can be assumed [35] that quotient η=φ P−Rformula /φ Test~N (µ, σ 2 ), where N (µ, σ 2 ) denotes normal distribution, µ denotes the average value, and σ 2 denotes the variance. The test points are used as the statistical sample. The statistical analysis of η for CFRP was conducted, as shown in Table 3 . If failure probability is 5%, the safe factor Φ can be calculated as Φ = 1 / (µ + 1.6σ). Then, Φ CFRP = 0.6. Black dash line in Fig.12 is the ultimate column curve for safe design. The fitted column curve strongly relies on test results; therefore, it may be not accurate enough due to limited amount of test data. However, the proposed strategy of column curve for design can be applied by other researchers as reference. More studies should be made on other stacking sequence except [0 ∘ 4 /±θ ∘ ], which will be detailed in subsequent studies.
Conclusions
In this study, 60 CFRP tubes with off-axis ply orientations were tested under concentric compression loads. The overall buckling behaviour was examined and column curves were fitted based on the Perry-Robertson formula. A strategy for safe design was proposed based on the statistical analysis. The following conclusions were obtained: 1. The proposed method for the axial compression tests on CFRP tubes was effective in simulating simple- supported boundary condition and providing a basis to examine the overall bucking behaviour of CFRP tubes. 2. Both the load-strain and load-displacement curves can be divided into two segments during loading process, namely the linear elastic segment and nonlinear post-bucking segment. The transformation of the two segments underwent abrupt changes that denote the overall bucking. With respect to the CFRP tubes under compression, the lateral deformation of specimens is nearly half-wave sine curve shape when overall bucking was achieved. The CFRP tubes exhibited typical limit-point instability buckling, and these tubes underwent brittle failure after reaching the critical load. 3. The Euler curve is unsafe for designing CFRP tubes with off-axis ply orientation. The column curves of steel technical codes GB50018-2002 and ECCS are inappropriate in view of the that CFRP tubes with different stacking sequences generate different column curves. The column curve based on all 52 valid test data is almost the lower boundary of all the column curves. 4. Given the inevitable large discreteness of FRP material, a reduction factor Φ should be added to the previously obtained columns curve for safe design especially when universal slenderness ratioλ < 2. Based on statistical analysis, Φ CFRP = 0.6, when failure probability is 5%. 
